Aim: Tramadol is an atypical opioid analgesic with low potential for tolerance and addiction. However, its opioid activity is much lower than classic opiates such as morphine. To develop novel analgesic and further explore the structure activity relationship (SAR) of tramadol skeleton. Methods: Based on a three-dimensional (3D) structure superimposition and molecular docking study, we found that M1 (the active metabolite of tramadol) and morphine have common pharmacophore features and similar binding modes at the μ opioid receptor in which the substituents on the nitrogen atom of both compounds faced a common hydrophobic pocket formed by Trp2936.48 and Tyr3267.43. In this study, N-phenethylnormorphine was docked to the μ opioid receptor. It was found that the N-substituted group of N-phenethylnormorphine extended into a hydrophobic pocket formed by Trp2936.48 and Tyr3267.43. This hydrophobic interaction may contribute to the improvement of its opioid activities as compared with morphine. The binding modes of M1, morphine and N-phenethylnormorphine overlapped, indicating that the substituent on the nitrogen atoms of the three compounds may adopt common orientations. A series of N-phenylalkyl derivatives from the tramadol scaffold were designed, synthesized and assayed in order to generate a new type of analgesics. Results: As a result, compound 5b was identified to be an active candidate from these compounds. Furthermore, the binding modes of 5b and morphine derivatives in the μ opioid receptor were comparatively studied. Conclusion: Unlike morphine-derived structures in which bulky N-substitution is associated with improved opioid-like activities, there seems to be a different story for tramadol, suggesting the potential difference of SAR between these compounds. A new type of interaction mechanism in tramadol analogue (5b) was discovered, which will help advance potent tramadol-based analgesic design.
Introduction
Opioids are narcotic analgesics widely prescribed to relieve moderate-to-severe pains and most of these agents exert their opioid-like effects through opioid receptors (eg, μ, δ, κ, and ORL1 receptors). However, most clinically used analgesics are restricted to μ opioid agonists, which are associated with respiratory depression, constipation, addiction, physical dependence and other notorious adverse effects. Tramadol, which was launched in 1977, is a fully synthetic opioid pain medication used to treat moderate to severe pain, both acute and chronic [1] . In addition, it has also been used to treat depression, postherpetic neuralgia, diabetic neuropathy premature ejaculation [2] [3] [4] [5] [6] [7] [8] . Tramadol displays some weak side effects, including nausea, dizziness, indigestion and abdominal pain in individual patients [9, 10] . It was identified to be an atypical opioid, both structurally and pharmacologically. It acts as a weak μ opioid receptor agonist and serotonin reuptake and norepinephrine reuptake inhibitor [11, 12] . Its O-desmethyl metabolite (M1) is much more potent on the μ opioid receptor [13] (Figure 1) . However, few studies on structure and activity relationship of tramadol analogues and the binding mode between tramadol analogues and μ opioid receptor were performed. In this study, we designed a series of N-phenylalkyl substituted tramadol derivatives to explore their structure activity relationship for developing novel opioid analgesics and comparatively discussed the difference in binding modes 
Materials and methods

Experimental section
All chemicals and solvents were supplied by Tansoole and were used without further purification. 1 H and 3 C NMR spectra were recorded on a Bruker AMX-400 instrument. Protoncoupling patterns were described as singlet, doublet, triplet, quartet, multiplet, and broad. Mass spectra were generated with electric ionization (ESI) produced by an HP5973N analytical mass spectrometer. High-resolution mass spectrometry (HRMS) spectra were recorded with an AB 5600+ Q TOF instrument.
General procedure for the syntheses of N-methyl-N-phenylalkylamino methyl-cyclohexanones (3a-3d) A mixture of cyclohexanone (1 g, 1.06 mmol), N-methylphenylalkyl-amine (1.06 mmol) and 1/5th of paraformaldehyde (2 mmol) in isopropanol (20 mL) was stirred and concentrated HCl was added drop-wise to adjust the solution to pH 4. The reaction mixture was then heated in an oil bath at 90-95 °C for 30 min with stirring. The other four portions of paraformaldehyde were added at 15 min intervals. The reaction mixture was further refluxed for 4 h and the solvent was distilled off. The residues were washed with hexane, adjusted to an alkaline pH with a sodium bicarbonate solution and extracted with ethyl acetate. Combined organic extracts were dried over Na 2 SO 4 and distilled to afford the Mannich bases (3a-3d) in good yield.
General procedure of the Grignard reaction for the preparation of 4a-4d A 100-mL, three-necked, round-bottomed flask equipped with a magnetic stirring bar, dropping funnel and reflux condenser was charged with magnesium chips (5 mmol) and iodine (5 mg) under argon. Anhydrous tetrahydrofuran (THF, 15 mL) was added into the reaction with a syringe. When the mixture was heated to 70 °C, 3-bromoanisole (5 mmol) solved in anhydrous THF was added drop-wise to the mixture. After all the magnesium chips were solved, the reaction was cooled to room temperature. Then, the Mannich base (3a-3d) (1 mmol) solved in anhydrous THF was added drop-wise to the reaction. After stirring for 3 h, the reaction was quenched with a saturated NH 4 Cl aqueous solution. The mixture was diluted with water and extracted with CHCl 3 (3×15 mL). Combined organic extracts were dried over anhydrous sodium sulfate, filtered, and evaporated under reduced pressure. The residue was purified with column chromatography on silica gel using CH 2 Cl 2 /MeOH (20:1) to yield a yellow solid (4a-4d). The base (4a-4d) was transformed into hydrochlorides in diethylether by adding HCl in diethylether.
General procedure for the preparation of (5a-5d) A solution of (4a-4d) (0.59 mmol) in anhydrous DCM (15 mL) was cooled to -40 °C. Boron tri-bromide in DCM (1.5 mmol) was added drop-wise into the solution. After being stirred for 1 h, the reaction mixture was allowed to adjust to room temperature. The reaction mixture was quenched by the addition of drops of ice-cold water. After dilution with water, the crude product was extracted with CHCl 3 (3×15 mL). Combined organic extracts were dried over anhydrous sodium sulfate, filtered, and evaporated under reduced pressure. The crude product was purified by column chromatography over silica using CH 2 Cl 2 /MeOH (20:1) to yield yellow oil (5a-5d). The base (5a-5d) was transformed into hydrochlorides in diethylether by adding HCl in diethylether. After an incubation of 60 min at 30 °C, reactions were terminated by rapid filtration and radio activity was determined by liquid scintillation counting.
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Molecular simulation
The 3D structure of tramadol, M1, morphine, and codeine were built using the SYBYL6.9 program and optimized by a Gaussian program with the same method used in a previous study [14] . The 3D structures of the compounds were also www.nature.com/aps Shen Q et al Acta Pharmacologica Sinica npg superimposed using the software packages in SYBYL6.9. Molecular docking was conducted using GOLD 5.0.1 [15] . The binding site was defined to include all residues within a 15.0 Å radius of the conserved D3.32Cγ carbon atom. A hydrogenbond constraint was set between the protonated nitrogen atom (N1) of ligand and D3.32 side chain. Ten conformations were produced for each ligand and Gold-Score was used as the scoring function. Other parameters were set as standard default. High-scoring complexes were inspected visually to select the most reasonable solution.
Results
Design rationality
In previous studies over the past several years, tramadol is usually considered to be structurally related with codeine [16] [17] [18] . In our initial study, the three dimensional structures of tramadol and codeine were superimposed ( Figure 2 ). It was found that the nitrogen atoms and 3-methoxylphenyl groups in both compounds were located in the same position, which showed that tramadol and codeine contained common pharmacophore features. As tramadol displays μ opioid activity primarily through its O-desmethyl metabolite (M1), morphine is also a more potent O-desmethyl metabolite of codeine. The 3D structure of M1 and morphine were also superimposed (Figure 2 ), which indicated that the two compounds contain the same pharmacophore features. Then, M1 and morphine were docked to a crystal structure of the μ opioid receptor (PDB code 4DkL) using the program GOLD 5.0.1. It was found that protonated nitrogen atoms in both compounds formed a salt bridge with Asp147 3.32 , while the phenol groups of the two compounds formed hydrogen binding interactions with water molecules (Figure 3A, 3B ). These binding modes were consisted with morphinans' binding modes in the crystal structure of opioid receptors [19] [20] [21] . M1 maintained the classic interactions of morphinans with the μ opioid receptor. The superimposition and the docking studies showed that M1 and morphine have the same pharmacophore features and similar binding mode at the μ opioid receptor.
In carefully examining the binding modes of M1 and morphine, it was worth noting that the substituent on the nitrogen atom of both compounds faced a common hydrophobic pocket formed by Trp293 6.48 and Tyr326 7.43 . It is well known that the introduction of N-arylalkyl substitutents, such as an N-phenylethyl group, is associated with significant improvement of opioid-like activities for classic morphinans. Introduction of an N-phenylethyl substituent on morphine significantly enhances the activity of morphine at the μ opioid receptor. The binding mode of N-phenethylnormorphine was also examined by molecular docking ( Figure 3C ). The N-phenethylnormorphine maintained the common binding interactions of M1 and morphine, while the N-phenylethyl portion extended into the hydrophobic pocket formed by Trp293 6.48 and Tyr326 7.43 . This additional interaction may contribute to the improvement of N-phenethylnormorphine opioid activity compared with morphine. When the binding modes of M1, morphine and N-phenethylnormorphine were superimposed, we found that protonated nitrogen atoms in the three compounds formed salt bridges with Asp147 3.32 , while their phenol groups formed hydrogen binding interactions with water molecules and His297 6.52 ( Figure 3D ). The N-substitution of the three compounds also faced the same hydrophobic pocket ( Figure 3D, 3E ). Because N-phenylethyl substitution can improve the opioid activity of morphine, we proposed that the introduction of a phenylalkyl group, such as phenylethyl, to the nitrogen atom of M1 may enhance the binding affinity at the μ opioid site as it does to morphine. Thus, we designed a series of N-phenylalkyl derivatives of tramadol ( Figure 4 ) and M1 to investigate if this modification could improve the activity of the μ opioid receptor with the aim of developing a novel class of opioid ligands.
Synthesis
The synthesis of 4a-5d was described in Scheme 1. Cyclohexanone was condensed with paraformaldehyde and N-methylalkylphenylamine to afford aminomethylhexanones 3a-3d, which were further reacted with the Grignard reagent prepared from 3-bromoanisole to yield 4a-4d. Specifically, addition of the Grignard reagent to ketones 3a-3d provided crude 4a-4d as mixtures of diastereomers (76% cis for 4a-4d) [16] . The abundance of the cis-isomer could be improved to 95% by flash chromatography (DCM/MeOH, 20:1). O-desmethyl derivatives were prepared by removal of the O-methyl group of 5a-5d.
Binding affinity and functional activity Similar to tramadol, all methoxyl derivatives, 4a-4d, did not display binding affinities for opioid receptors, while the phenolic hydroxyl derivatives, 5a-5d, exhibited higher affinities and selectivity against the μ opioid receptor. The binding Table 1) . We found that the μ opioid binding affinities of 5a-5d were associated with the length of the linker (number of carbon atoms between the nitrogen atom and the introduced phenyl group). When the length of the linker equaled 2, the corresponding target compound 5b displayed the highest binding affinity at the μ opioid receptor (K i =99 nmol/L) among all the aminomethylenecyclohexane analogues. The binding affinity of 5b was slightly weaker than that of M1 (K i =13 nmol/L), but maintained agonistic activity (EC 50 =258 nmol/L) ( Figure 5 ) equal to M1 (EC 50 =244.7 nmol/L), as demonstrated in the [
35 S] GTP-γ-S binding assays (Table 2) . When the length of the linker increased to 3 and 4, the agonistic activities were decreased 1-fold as compared with that of 5b.
Discussion
In this study, the target compounds displayed similar structure and activity relationships with tramadol and that phenolic hydroxyl-substituted compounds were much more potent that methoxyl substituted compounds. For N-substitution, the length of the linker between the nitrogen atom and the introduced phenyl group had a substantial impact on opioid activity. The phenylethyl-substituted derivative 5b was the most potent compound and displayed agonist activity equal to M1.
Morphine and tramadol have the same pharmocophore model and binding mode ( Figure 6A) ; however, the question remains as to whether their derivatives maintain similar properties? To answer this question, the binding modes of N-phenylethyl-substituted compound 5b and N-phenylethylmorphine were compared ( Figure 6B and 6C) . In terms of the binding modes of morphine and its analogues, N-phenyl- Figure 6C ). The cationic amines of 5b still formed a salt bridge with the carboxyl group of Asp147 3.32 , but the relative position of cationic amines were shifted to the downside of the carboxyl group in Asp147 3.32 . The N-phenylethyl group in 5b did not extend into the hydrophobic binding pocket formed by Table 1 . Binding affinities of 4a-5d compounds for μ/κ/δ (Ki or percentage displacement of radio-labeled ligand at 1 μmol/L). Figure 6C and 6D) . The results showed that the introduction of an N-phenylethyl group changed the original binding orientation of tramadol and morphine; the activity of N-phenylethyl tramadol 5b decreased 8-fold, but maintained similar agonistic activity (EC 50 =258 nmol/L and 244 nmol/L for 5b and M1, respectively). Due to the downside movement of 5b in the active site, the key watermediated interaction between the phenol group in M1 and His297 6 .52 of the μ opioid receptor disappeared and a space was created. The introduction of a new hydrogen bond donor in the phenol group of 5b may restore the hydrogen binding network composed of two water molecules and His297 6.52 and increase its activity with the μ receptor.
In this study, we found that tramadol active metabolite M1 and morphine had common pharmacophore features and similar binding modes at the μ opioid receptor using 3D structure superimposition and a molecular docking technique. The attachment of N-phenylethyl to morphine introduced hydrophobic interactions with Trp293 6.48 and Tyr326 7.43 and improved its opioid activity. Then, a series of N-phenylalkyl substituted derivatives of tramadol were designed, synthesized and evaluated for opioid activity. The N-phenylethyl substituted compound 5b displayed equivalent activity in functional assays in comparison to M1. Further, a molecular docking study with 5b identified that 5b adopted a novel binding orientation, unlike N-phenylethyl morphine, where the N-phenylethyl group of 5b extended into another hydrophobic pocket formed by the residues Ile144 3.29 , Val143 3.28 , and
Leu219 in ECL2. Our study indicated that the introduction of a new hydrogen bond donor in the phenol group of 5b may restore the original water bridge hydrogen binding network and increase its activity with the μ receptor.
